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METHOD AND APPARATUS FOR SETTING PACING PARAMETERS 



Field of the Invention 

S This invention pertains to cardiac rhythm management devices such as 

pacemakers and other implantable devicesior treating cardiac dysfunction. 

Background 

Cardiac rhythm management devices are implantable devices that provide 

10 electrical stimulation to selected chambers of the heart in order to treat disorders of 
cardiac rhythm. A pacemaker, for example, is a cardiac rhythm management device 
that paces the heart wifli timed pacing pulses. The most common condition for which 
pacemakers are used is in the treatment of bradycardia, where the ventricular rate is 
too slow. Atrio-ventricular conduction defects (ie., AV block) that are permanent or 

15 intermittent and sick sinus syndrome represent the most /common causes of 
bradycardia for which permanent pacing may be indicated. If functioning properly, the 
pacemaker makes up for the heart's inability to pace itself at an appropriate rhythm in 
order to meet metabolic demand by enforcing a minimum heart rate and/or artificially 
restoring AV conduction. 

20 Pacing therapy can also be used in the treatment of heart failure, which refers 

to a clinical syndrome in which an abnormality of cardiac function causes a below 
normal cardiac output that can fall below a level adequate to meet the metabolic 
demand of peripheral tissues. When uncompensated, it usually presents as congestive 
heart failure due to the accompanying venous and pulmonary congestion. Heart failure 

25 can be due to a variety of etiologies with ischemic heart disease being the most 
common. It has been shown that some heart failure patients suffer from 
intraventricular and/or interventricular conduction defects (e.g., bxmdle branch blocks) 
such that their cardiac outputs can be increased by improving the synchronization of 
ventricular contractions with electrical stimulation. Other conduction defects can 

30 occur in tlie atria. Cardiac rhythm management devices have therefore been developed 

1 
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Which provide pacmg stimulation to one or more of the ventricles (or atria) in an 
attempt to improve the coordination of cardiac contractions, tenned cardiac 
resynchronization therapy. Appropriate specification of various pacing parameters that 
specify the manner in which paces are delivered is necessary in order to achieve 
5 optimum improvement in cardiac function, and it is this problem with which the 
present invention is primarily concerned. 

Summary 

hi one of its aspects, the present invention relates to a method for optimally 
10 detennining a pre-excitation timing parameter for deUvering cardiac resynchronization 
therapy to the ventricles. The method may be performed by an implantable cardiac 
rhythm management device configured to dehver such therapy using data received 
from its sensing channels in order to effect automatic optimization of the amount of 
pre-excitation therapy delivered to an individual patient In accordance with the 
15 invention, the device measures one or more intrinsic conduction parameters bom 
electrogram signals generated during intrinsic beats. The pre-excitation timing 
parameter is then set automatically in accordance with a formula that includes a Imear 
combination of the measured intrinsic conduction parameters as defined by a set of 
specified coefficients. The specified coefficients may be pre-derived firom a linear 
20 regression analysis of cUnical population data relating particular values of the 
measured intrinsic conduction parameters to an optimum value of the pre-excitation 
timing parameter as determined by concunent measurement of another parameter 
reflective of cardiac function. An example of a pre-excitation timmg parameter that 
may be automatically set by the device in this manner is flie atrio-ventricular delay 
25 used in atrial-tracking or AV sequential pacing of the ventricles. 

Brief Description of the Drawings 
Fig. 1 is a block diagram of an exemplary cardiac device for practicing the 
present invention. 
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Fig. 2 illustrates an exemplary algorithm for calculating the atrio-ventricular 
delay interval used in atrial-tracking and AV sequential pacing modes. 

Fig. 3 illustrates an exemplary algorithm for measuring intrinsic conduction 
parameters. 

5 Fig. 4 illustrates an exemplary algorithm for determining the location of a left 

ventricular lead. 

Fig, 5 illustrates an exemplary algorittmi for measuring the relative intrinsic 
AV conduction delays at two left ventricular sites. 

Fig. 6 illustrates an exemplary algorithm for selecting between two alternative 
1 0 left ventricular pacing sites. 

Fig. 7 illustrates an exemplary algorithm for selecting which chambers are to 
be paced for delivering cardiac resynchronization therapy. 

Detailed Description 

15 Applying cardiac resynchronization therapy in the most efiBcacious manner 

requires optimal selection of a number of pacing parameters. Described below is a 
cardiac rhythm management device configurable for delivering resynchronization 
pacing to the left ventricle (LV) and/or flie right ventricle (RV) in order to compensate 
for ventricular conduction delays and improve the coordination of ventricular 

20 contractions. The device may be fiirflier programmed to automatically set certain 
pacing parameters in accordance with information gathered from its sensing channels. 
Among the pacing parameters which may be set in this manner are the selection of 
which heart chambers are to be paced, the atrio-ventricular delay interval, the 
biventricular stimulation delay or LV offset interval, and selection between alternative 

25 LV pacing sites. 

I. Exemnlarv device description 

Conventional cardiac pacing with implanted pacemakers involves excitatory 
electrical stimulation of the heart by the delivery of pacing pulses to an electrode in 
30 electrical contact with the myocardium. The pacemaker is usually implanted 

3 



wo 2UU4/069333 



PCT/US2004/002332 



10 



subcutaneously on the patient's chest, and is connected to electrodes by leads threaded 
through the vessels of the upper venous system into the heart. An electrode can be 
incorporated into a sensing channel that generates an electrogram signal representing 
cardiac electrical activity at the electrode site and/or incorporated into a pacing 
channel for delivering pacing pulses to the site. 

A block diagram of a multi-site pacemaker having multiple sensing and pacing 
channels is shown in Fig. 1. (As the term is used herein, a "pacemaker" should be 
taken to mean any cardiac rhythm management device, such as an iiiiplantable 
cardioverter/defibriUator, with a pacing functionality.) The controller of the 
pacemaker is made up of a microprocessor 10 communicating with a memory 12 via a 
bidirectional data bus, where the memory 12 typicaUy comprises a ROM (read-only 
memory) for program storage and a RAM (random-access memory) for data storage. 
The controller could be implemented by other types of logic circuitry (e.g., discrete 
components or programmable logic arrays) using a state machine type of design, but a 
15 microprocessor-based system is preferable. As used herein, the programming of a 
controller should be taken to refer to either discrete logic circuitry configured to 
perform particular functions or to the code executed by a microprocessor. The 
controller is capable of operating flie pacemaker in a number of programmed modes 
where a programmed mode defines how pacing pulses are output in response to sensed 
events and expiration of time intervals. A telemetry interface 80 is also provided for 
communicating with an external programmer. 

The embodiment shown in Fig. I has three sensing/pacing channels, where a 
pacing channel is made up of a pulse generator connected to an elec1xo4e while a 
sensing channel is made up of the sense amplifier connected to an electrode. A MOS 
25 switching network 70 controlled by the microprocessor is used to switch the electrodes 
fiom the input of a sense amplifier to the output of a pulse gaierator. The switching 
network 70 also allows the sensing and pacing channels to be configured by the 
controller with different combinations of the available electrodes. The channels may 
be configured as either atrial or ventricular channels allowing the device to deliver 
30 conventional ventricular single-site pacing with or without atrial tracking, 

4 
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biventricular pacing, or multi-site pacing of a single chamber. In an example 
configuration, a right atrial sensing/jpacing channel includes ring electrode 43a and tip 
electrode 43b of bipolar lead 43c, sense amplifier 41, pulse generator 42, and a 
channel interface 40. A right ventricular sensing/pacing channel includes ring 
5 electrode 23a and tip electrode 23b of bipolar lead 23c, sense amplifier 21, pulse 
generator 22, and a channel interface 20, and a left ventricular sensing/pacing channel 
includes ring electrode 33a and tip electrode 33b of bipolar lead 33c, sense amplifier 
31, pulse generator 32, and a channel interface 30. The channel interfaces 
communicate bi-directionally with a port of microprocessor 10 and include analog-to- 

10 digital converters for digitizing sensing signal inputs fi-om the sensing amplifiers, 
registers that can be written to for adjusting the gain and threshold values of the 
sensing amplifiers, and registers for controlling the output of pacing pulses and/or 
changing the pacing pulse amplitude. In this embodiment, the device is equipped with 
bipolar leads that include two electrodes which are used for outputting a pacing pulse 

13 and/or sensing intrinsic activity. Other embodiments may employ unipolar leads with 
single electrodes for sensing and pacmg. The switching network 70 may configure a 
channel for unipolar sensing or pacing by referencing an electrode of a unipolar or 
bipolar lead with the device housing or can 60. 

The controller 10 controls the overall operation of the device in accordance 

20 with programmed instmctions stored in memory. The controller 10 interprets 
electrogram signals fi-om the sensing channels and controls the delivery of paces in 
accordance with a pacing mode. The sensing circuitry of the pacemaker generates 
atrial and ventricular electrogram signals firom the voltages sensed by the electrodes of 
a particular channel. When an electrogram signal in an atrial or ventricular sensing 

25 channel exceeds a specified threshold, the controller detects an atrial or ventricular 
sense, respectively, which pacing algorithms may employ to trigger or inhibit pacing. 
An electrogram is analogous to a sinface ECG and indicates the time course and 
amplitude of cardiac depolarization that occurs during either an intrinsic or paced beat. 

30 
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9 nnrriiac res ynchro niyAtion pacing therapy 

Cardiac resynchronization therapy is most conveniently deUvered in 
conjunction with a bradycardia pacing mode. Bradycardia pacing modes refer to 
pacing algorithms used to pace the atria and/or ventricles in a manner that enforces a 
5 certain minimum heart rate. Because of the risk of inducing an arrhythmia with 
asynchronous pacing, most pacemakers for treating bradycardia are programmed to 
operate synchronously in a so-called demand mode where sensed cardiac events 
occurring within a defined interval either trigger or inhibit a pacing pulse. Inhibited 
demand pacing modes utiUze escape intervals to control pacing in accordance with 
10 sensed intrinsic activity. In an inhibited demand mode, a pacing pulse is deUvered to a 
heart chamber during a cardiac cycle only after expiration of a defined escape interval 
during which no intrinsic beat by the chamber is detected. For example, a ventricular 
escape interval for pacing the ventricles can be defined between ventricular events, 
referred to as the W interval with its inverse being the lower rate lunit or LRL. The 
VV interval is restarted with each ventricular sense or pace. In atrial tracking and AV 
sequential pacing modes, another ventricular escape interval is defined between atrial 
and ventricular events, referred to as the atrio-ventricular pacing delay interval or 
AVD, where a ventricular pacing pulse is delivered upon expiration of the atrio- 
ventricular pacing delay interval if no ventricular sense occurs before. In an atrial 
20 tracking mode, the atrio-ventricular pacing delay interval is triggered by an atrial sense 
and stopped by a ventricular sense or pace. An atrial escape interval can also be 
defined for pacing the atria either alone or in addition to pacing the ventricles. In an 
AV sequential pacing mode, the atrio-ventricular delay interval is triggered by an atrial 
pace and stopped by a ventricular sense or pace. Atrial tracking and AV sequential 
25 pacing are commonly combined so that the AVD starts with either an atrial pace or 
sense. 

As described above, cardiac resynchronization therapy is pacing stimulation 
applied to one or more heart chambers in a manner that compensates for conduction 
delays. Ventricular resynchronization pacing is usefiil in treating heart feilure in 
30 patients with interventricular or intraventricular conduction defects because, although 



15 



6 



wo 2004/069333 



PCT/US2004/002332 



not directly inotropic, resynchrordzation results in a more coordinated contraction of 
the ventricles with improved pumping efficiency and increased cardiac output. 
Ventricular resynchronization can be achieved in certain patients by pacing at a single 
unconventional site, such as the left ventricle instead of the right ventricle in patients 
5 with left ventricular conduction defects. Resynchronization pacing may also involve 
biventricular pacing, either simultaneously or non-simultaneously. The latter may be 
termed biventricular offset pacing. The offset interval may be zero in order to pace 
both ventricles simultaneously, positive in order to pace the left after the right, or 
negative to pace the left before the rigjdt 

10 Cardiac resynchronization ther^y is most commonly applied m the treatment 

of patients with heart failure due to left ventricular dysfunction which is either caused 
by or contributed to by ventricular conduction abnormalities. In such patients, the left 
ventricle or parts of the left ventricle contract later than normal during systole which 
diereby impairs pumping efficiency. In order to resynchronize ventricular contractions 

15 in such patients, pacing therapy is applied such that the left ventricle or a portion of the 
left ventricle is pre-excited relative to when it would become depolarized in an 
intrinsic contraction. Optimal pre-excitation in a given patient may be obtained with 
biventricular offset pacing where the left ventricle is paced before, . after, or 
simultaneously with the right ventricle, or with left ventricular-only pacing. 

20 Once a particular resynchronization pacing mode is selected for a patient, 

pacing parameters affecting the maimer and extent to which pre-excitation is applied 
must be specified. Such pre-excitation timing parameters would include, for example, 
the atrio-ventricular pacing delay interval and the biventricular or left ventricular offset 
interval.. The biventricular and left ventricular offset intervals determine the manner 

25 in which the left ventricle is pre-excited relative to right ventricular events. The length 
of the specified AVD relative to the intrinsic atrio-ventricular delay dictates the extent 
of pacing stimulation delivered to the ventricle and, therefore, the amount of pre- 
excitation delivered to the patient In order to optimally specify these parameters, the 
patient may be subjected to clinical testing after implantation where the parameters are 

30 varied as cardiac function is assessed. For example, a patient may be given 
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resynchrooization stimulation while varying pre-excitation Uming parameters in order 
to determine the values of the parameters that result in maximum cardiac performance, 
as determined by measuring a parameter reflective of cardiac fimction such as 
maximum left ventricular pressure change (dP/dt). 

-^_^p..tir. Qftttinp of pre- Pvr.itatiQn timing parameters 

Since the optimum values for the pre-excitation timing parameters' discussed 
above vary not only from patient to patient but may also change over time in an 
individual patient, it would be deshable for a cardiac resynchionization device to 
possess ameans of automatically determining those optimum values. Onemethodthat 
could be used in atrial tracking modes where the patient has a normal sinus rhythm is 
for the device to adjust the atrio-ventricular pacing delay mterval and/or biventricular 
offset interval to values that result in the slowest intrinsic atrial rate. The body's 
baroreceptor feedback mecloanism for regulating heart rate is thus used as a surrogate 
5 measure of cardiac output. This method, however, requires rumiing a lengthy pacing 
protocol and can only be applied in patients with intact pathways for regulating heart 
rate and only in pacing modes where the atria are not paced. 

In the approach of the present mvention. an implantable cardiac 
resynchronization device is programmed to measure one or more intrinsic conduction 
0 parameters from electrogram signals generated during intrinsic beats. The measured 
intrinsic conduction parameters may represent averages of values obtained during a 
specified number of intrinsic beats. The device then automaticaUy sets a pre- 
excitation timing parameter such as the AVD or biventricular offset interval in 
accordance with a formula that equates an optimum value of &e pre-excitation tfaning 
25 parameter to a linear sum of the measured intrinsic conduction parameters multipUed 
by specified coefficients, hi order to pre-derive the specified coefficients for later 
programming into the device, clinical population data is obtained that relates particular 
values of the measured intrinsic conduction parameters to an optimum value of the 
pre-excitation timing parameter as detemuned by concurrent measurement of another 
30 parameter reflective of cardiac fimction (e.g., maximum dP/dt or minimmn atrial rate). 

8 
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A linear regression analysis is then performed to derive values of the specified 
coefficients used in the fonnula for setting the pre-excitation timing parameter, the 
specified coefficients thus being regression coefficients. 

The AVD interval determines the amount of pre-excitation delivered by 
5 resynchronization, and its optimum value in' any particular patient depends on the 
intrinsic atrio-ventricular interval and the degree of the patient's conduction pathology. 
The latter is related to the duration of ventricular depolarization during an intrinsic 
contraction as reflected by the QRS width in a surface electrocardiogram. The 
mtrinsic left ventricular depolarization duration can also be determined fi^om intra- 

10 cardiac electrograms such as are generated in the device's sensing chaimels. The 
device may therefore be programmed to measure these intrinsic conduction parameters - 
from electrogram signals and use them in the fonnula obtained by Imear regression as 
described above to optimally set the AVD. 

Fig. 2 illustrates an exemplary implementation of the above-described method 

15 for automatically setting the AVD as could be executed by an appropriately 
programmed implantable cardiac device. Li this embodiment, the optimum AVD is 
set according to the following formula: 

AVD = ki AVr + k2 AQ*L + k3Q*S* + k4 
where AVr is the right intrinsic atrio-ventricular delay measured as the interval 

20 between an atrial sense and a right ventricular sense, AQ*l is the left intrinsic atrio- 
ventricular delay measured as the interval between an atrial sense and the start of left 
ventricular depolarization in an electrogram, and Q*S* is the duration of ventricular 
depolarization is measured as the interval from the start of left ventricular 
depolarization to the end of left ventricular depolarization in an electrogram. The start 

25 and end of depolarization may be detected by the device from an electrogram using a 
threshold criterion similar to that used for detecting chamber senses. The specified 
coefficients are ki, kj, ks, and kj., where different sets of coefficients are used 
depending upon which chambers are paced in the currently programmed mode and the 
location of the left ventricular pacing lead. Each set of specified coefficients may 

30 derived by a regression analysis of clinical data relating the optimum AVD to the 
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measured intrinsic conduction parameters using a pacing mode for pacing a particular 
chamber or chambers and using a particular location for the left ventricular pacing 
lead. 

Referring to Fig. 2, the device determines at steps Al and A2 whether it is 
5 operating in a right ventricular-only pacing mode (RV mode), biveoteicular pacing 
mode (BV mode), or left ventricular-only pacing mode (LV mode). If in RV mode, 
specified coefficients for optimum settmg of the AVD interval in that mode are 
obtained at step A5e. If in BV mode, the device determines at step A3 whether the left 
ventricular pacing lead is in an anterior or lateral ventricular location, the latter 
10 corresponding to the Left ventricular firee waU. If the left ventricular pacing lead is 
lateral, specified coefficients for optimum setting of the AVD in that situation are 
obtained at step A5a, while if the left ventricular pacing lead is anterior, specified 
coefficients for optimum setting of the AVD are obtained at step A5b. Similarly, if it 
is determined at step A2 that the device' is operating in LV mode, the left ventricular 
15 pacing lead location is determined at step A4 so that specified coefficients for setting 
the AVD are obtained at either step A5c or A5d in accordance with whether the left 
ventricular pacing lead location is lateral or anterior, respectively. The calculated 
AVD value is next compared with the rigiht intrinsic atrio-ventricular delay at step A7. 
If the calculated AVD value is greater than the right intrinsic atrio-ventricular delay, 
20 the AVD is set to the value of the latter plus a specified margin (in this case. 30 ms). 
At steps A9 th«5Ugh A12, the calculated AVD is compared with specified maximum 
and minimum Umit values (300 and 50 ras, respectively, in this case). If the calculated 
AVD exceeds the maximum limU value, the AVD is set to the maximum limit value. 
If the calculated AVD is below the minimum limit value, the AVD is set to the 
25 minimum limit value. In an alternative embodiment, if the calculated AVD value is 
greater than the minimum of a fixed percentage of the right intrinsic atrio-ventricular 
delay (e.g., 70%) or a fixed value (e.g., 300 ms). the AVD is set to the shorter of the 
two values (i.e., either the fixed percentage of the intrinsic AV delay or the fixed 
value) or set to aminimum limit value if the calculated AVD is less than theminimum 
30 limit value. 

10 
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Alternative formulas for calculating the AVD using different intrinsic 
conduction parameters may also be employed, examples of which are: 
AVD = k, AVr + kjAVL + k3Q*S* + k4 
AVD = kiAVa + k2Q*S* + h 
5 AVD = kiAVL+ k2 AVR+k3 

AVD = kl AVr + k2QRS + k3 
where AVl is the left intrinsic atrio-ventricular delay measured as the interval between 
an atrial sense and a left ventricular sense, and QRS is the width of the QRS complex 
as determined from a surface electrocardiogram. Which formula would produce the 
10 best results in a given situation would depend upon both the individual patient and the 
particular implanted device. Tables 1 through 3 show example values of specified 
coefficients for calculating the AVD interval usmg three of the different formulas 
discussed above. The coefScients for each formula were calculated by a linear 
regression analysis of data obtained from a particular clinical population relating the 
15 optimum AVD to the intrinsic conduction parameters of the formula. In the tables, the 
suffix appended to the pacing mode denotes the left ventricular pacing site, either 
anterior (Ant) or the lateral free wall (Fwl). 

Table 1 

20 (AVD = kl • AVIl + k2* AVIr + k3) 





kl 


k2 


k3 


LV-Ant 


0.163 


0.769 


-59.6 


BV-Ant 


0.063 


1.008 


-73.0 


LV-Fwl 


-0.099 


0.988 


•64.3 


BV-Fvd 


-0.126 


0.857 


-27,5 
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Table 2 

(AVD = kl»QRS + k2» AVIr + k3) 





kl 


k2 


k3 


LV-Ant 


-1325 


0.918 


1353 


BV-Ant 


-0.835 


1.041 


49.0 


LV-Fwl 


-0.459 


0.911 


-4.3 


BV-Fwl 


-0,728 


0.757 


713 



Table 3 

(AVD = kl»Q*S* + k2«AQ* + k3» AVIr + k4) 





kl 


k2 


k3 


k4 


LV-Ant 


-0.677 


0,808 


0.273 


67.5 


BV-Ant 


-0.706 


0.615 


0.610 


47.2 


LV-Fwl 


-0337 


0.157 


0.797 


-0.46 


BV-Fwl 


-0312 


0339 


0.482 


31.6 



Fig. 3 shows an exemplary algorithm for obtaining tiie intrinsic conduction 
parameters used to calculate the AVD as well as set other pacing parameters by the 
procedures described below. An implanted device would execute the algorithm during 
a data acquisition period while no pacing therapy is applied. At step Bl, the sensing 
15 channels for obtaining the RV and IiV electrograms are selected, and a beat counter 
variable is initialized. Whem an atrial sraise occurs, a beat is detected at step B2 and 
the beat counter variable is faxcremented. If a subsequent ventricular sense does not 
occur, the beat is diseased as ectopic at step B3, and, if the beat counter variable does 
not exceed a specified limit value as tested for at step B4, the algorithm awaits the 
20 next beat detection at step B2. Otiierwise the intrinsic conduction parameters AVu 
AVr, AQ*u Q*Vl, and Q*S\ are measured ftom the RV and LV electrogram signals 
generated during the beat and stored at step B5. AVu AVr. AQ*u , and Q*S*l are as 
defmed above, and Q*Vl is the measured interval from the start of left ventricular 
depolarization to a left ventricular sense. At step B6, the beat counter variable is 
25 compared with another specified limit value (in this case, fifleeai) and, if the limit 
value has not been reached, the algorithm waits for the next beat After conduction 

12 
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parameters from fifteen beats have been stored, the mean, median, and standard 
deviation values of the parameter measurements are calculated at step B7. A step B8, 
the ratio of the standard deviation to the mean is calculated for all of conduction 
parameter measurements and compared to a specified limit value C, where in the case 

5 of AVl and AVr, C = 0.25, while in tiie case of AQ*l, Q*Vl, and Q*S*l, C = 0.4. If 
the calculated ratios are all less than C, an average value of the stored measurement for 
each conduction parameter is registered and used to represent that conduction 
parameter at step B9. The average value of the stored measurements used in this 
embodiment is a median, but other embodiments may employ a mean, standard 

10 deviation, or similar statistic. In addition, an interventricular conduction delay 
parameter Al-r is calculated as the difference between the average value of AVl and 
the average value of AVr. 

Fig. 4 illustrates an algorithm that may be executed by the controller in order to 
determine the left ventricular lead location, which information is used by the algorithm 

15 for calculating the AVD illustrated in Fig. 2 If manual input of the parameter is 
available, as determined at step CI, the algorithm sets the lead location according to 
the manual input at step C2. Otherwise, the representative value of the Q*Vl 
parameter is recalled at step C3 and compared with a limit value (in this case, 100 ms) 
at step C4. If the Q*Vl parameter is less than the limit value, the lead location is set as 

20 anterior at step C5. Otherwise, the lead location is set as the left ventricular free wall 
at step C6. 

4. Automatic configuration of other pacing parameters 

An implantable cardiac resynchronization device may also use measured 
25 intrinsic conduction parameters to automatically set other pacing parameters for 
optimal delivery of therapy. Such parameters may include which heart chambers are 
to be paced and which between alternative LV pacing sites should be used to pace the 
left ventricle. 

The left ventricular lead used for sensing and pacing may be a bipolar or multi- 
30 polar lead, which tlius makes available to the device alternative sites for delivering 
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paces to the left ventricle. The selection between alternative LV pacing sites for 
optimal delivery of resynchronization therapy can be made based upon the relative 
intrinsic AV conduction delays measured from the different sites. Under most 
circumstances, it is desirable to pre-excite the left ventricular region that suffers the 
most conduction delay during an intrinsic contraction in order to compensate for that 
delay. For example, if two LV pacing sites LI and L2 are avaUable. the intrinsic 
conduction parameters AVu and AVm can be measured which are the intervals 
between an atrial sense and a left ventricular sense detected from electrograms 
generated at sites LI and 12, respectively. The pacing site which is excited later 
during an intrinsic beat as reflected by a longer AV delay interval can then be selected 

as the LV pacing site. 

Fig. 5 illustrates an exemplary algorithm for obtaining the AVu aiid AVm 
parameters and calculating their difference, designated as Au-u- At step Dl, the beat 
counter variable is reset, and the device is configured to receive electrograms from 
alternative sites LI and L2. hi the particular device illustrated in Fig. 1. this would 
involve configuring two sensing channels with electrodes at the LI and L2 sites via the 
switching network 70. Steps D2 through D4 discard ectopic beats and are-similar to 
previously described steps B2 through B4 of Fig. 3. At step D5. the conduction 
parameters AVu and AVlv2 are measured from the two electrograms. At step D6, the 
beat counter variable is compared with another specified limit value (in this case, five) 
and, if the limit value has not been reached, the algorithm waits for the next beat. 
After measurements of the parameters from five beats have been stored, the mean, 
median, and standard deviation values of the AVu and AVlv2 measurements are 
calculated at step D7. At step D8, the ratio of the standard deviation to the mean is 
calculated and, if foimd to be less than a specified limit value (in this case, 0.25), Au- 
a is calculated as the difference between the median values of AVu and AVm. The 
device may then be programmed to select the LV pacmg site in accordance with the 
calculated Au-u parameter, an exemplary procedure for which is iUustrated by Fig. 6. 
At step El, the device checks if apacmg site L2 is available and, if not, selects site the 
30 default site LI at step E5. If both sites LI and L2 are available, the Au-u parameter is 
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recalled at step E2 and compared with zero at step E3. If Ali-u is negative, indicating 
that site LI is excited earlier than site L2 diuing an intrinsic contraction, site L2 is 
selected as the LV pacing site at step E4. If Au-u is greater than or equal to zero, 
indicating that site LI is excited later than site L2 or at the same time, site LI is 
5 selected as the LV pacing site at step E5, 

The device may also be programmed to automatically select winch chambers 
are to be paced in delivering ventricular resynchronization based upon measured 
intrinsic conduction parameters, an exemplary algorithm for which is illustrated in Fig. 
7. At step Fl, the device checks whether the left ventricular lead is located in tiie free 

10 wall. If so, Al-r and AVr are recalled at step F2. If the absolute value of Al-r is 
determined to be greater than 20 ms at step F3, then the device selects biventricular 
pacing at step F6. Otherwise, it is determined whether Al.r exceeds 20 ms at step F4. 
If not, the device selects right ventricular pacing at step F9. Otherwise, it is 
determined whether AVr is less than 255 ms at step F5. If so, the device selects left- 

15 ventricular pacing at step F7 or, if not, selects biventricular pacing at step F6. If it is 
determined at step Fl that the left ventricular lead is not in the free wall, Ai^r is 
compared with - 20 ms at step F8. If Al.r is greater, the device selects left ventricular 
pacing at step F7. Otherwise, right ventricular pacing is selected at step F9. 

The above-described algorithms may thus be used by an implantable cardiac 

20 device in order to automatically set pacing parameters for the optimal delivery of 
resynchronization therapy. One or more of the algorithms may be executed by the 
device controller in order to initialize the parameters prior to delivering 
resynchronization therapy and/or executed periodically in order to update the 
parameters. In an exemplary embodiment, an implantable cardiac rhythm management 

25 device would include sensing channels for generating electrogram signals 
corresponding to electrical activity in an atrium and both the right and left ventricles, 
right and left ventricular pacing channels for delivering pacing pulses to the right and 
left ventricles, and a controller for controlling the output of pacing pulses and 
interpreting electrogram signals, where the controller is programmed to pace at least 

30 one ventricle in a manner defined by at least one pre-excitation timing parameter and 
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to measure a plurality of intrinsic conduction parameter during an intrinsic beat from 
electrogram signals generated in the sensing channels, including an intrinsic atrio- 
ventricular delay interval in each ventricular sensing channel and a duration of 
ventricular depolarization. The controller may then be fiirther progranuned to select 
between a biventricular, right ventricular-only, or left ventricular-only pacing mode 
based upon the measured intrinsic conduction parameters and/or set Hie value of the 
pre-excitation timing parameter according to a formula which includes a linear 
combination of the measured intrinsic conduction parameters as defined by specified 
coefficients. The pre-excitation timing parameter may be the AVD and/or an offset 
interval for delivering biventricular or left ventricular-only pacing. The controller may 
be further programmed to select between a biventricular, right ventricular-only, or left 
ventricular-only pacing mode based upon the measured intrinsic conduction 
parameters and a specified location of a left ventricular lead used by the left 
ventricular sensing and pacing channels, where the location of the left ventricular lead 
is specified by user input or determined from the value of Q*Vl. The device may also 
be equipped with a plurality of sensing/pacing electrodes, sense ampUfiers, pulse 
generators, and a switching network operated by the controller for configuring a 
sensiiig chamiel by connecting a selected electrode pair to a selected sense amplifier 
and for configuring a pacing channel by connecting a selected electrode pair to a 
selected pulse generator. The pluraUty of sensing^adng electrodes may include at 
least two altemaUve left ventricular electrodes located at different left ventricular sites, 
and the measured intrinsic conduction parameters may include AV conduction delays 
measured from the at least two alternative left ventricular electrodes. The controller 
may then be programmed to select between the alternative left ventricular electrodes 
for configuring the left ventricular pacmg channel based upon the intrinsic AV 
conduction delays measured from each alternative left ventricular electrode such as by 
configuring the left ventricular pacing channel with whichever of the alternative left 
ventricular electrodes has the longest intrinsic AV conduction delay measured from it 
Although the invention has been described in conjunction with the foregoing 
specific embodiments, many alternatives, variations, and modification^ will be 
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apparent to those of ordinary skill in the art. Other such alternatives, variations, and 
modifications are intended to fall within the scope of the following upended claims. 
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What is claimed is: 

1 . A cardiac rhythm management device, comprising: 
5 an atrial sensing channel for generating electrogram signals corresponding to 

electrical activity in an atrium; 

right and left ventricular sensing channels for generating electrogram signals 
corresponding to electrical activity in the right and left ventricles, respectively; 

right and left ventricular pacing channels for delivering pacing pulses to flie 
10 right and left ventricles, respectively; 

a controUer for controUing the output of pacing pulses and interpreting 
electrogram signals, wherein the controller is programmed to pace at least one 
ventricle within a programmable atrio-ventricular delay (AVD) interval after an atrial 
sense in an atrial-tracking mode; 
13 wherein the controller is programmed to mclude instructions to perform: 

measure at least one intrinsic atrio-ventricular delay interval and a duration of 
ventricular depolarization from electrogram signals during an intrinsic beat; and 

set the AVD interval according to a formula which includes a linear 
combination of the measured intrinsic atrio-ventricular delay and the measured 
20 duration of ventricular depolarization defined by specified coefficients. 

2. The device of claim 1 wherein the measured intrinsic atrio-ventricular delay 
and the measured duration of ventricular depolarization each represent averages, Ihe 
controller bemg programmed to measure an intrinsic atrio-ventricular delay interval 
25 and a duration of ventricular depolarization during a specifiek number of intrinsic 
beats and compute averages therefrom. 
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3. The device of claim 1 wherein the controller is programmed to measure right 
and left intrinsic atrio-ventricular delay intervals and wherein the formula for setting 
the AVD inteiTal includes a linear combination of the measured right and left intrinsic 
atrio-ventricular delays and the measured duration of ventricular depolarization. 

5 

4. The device of claim 1 wherein the right mtrinsic atrio-ventricular delay is 
measured as the interval between an atrial sense and a right ventricular sense 
designated as AVr, the left intrinsic atrio-ventricular delay is measured as the interval 
between an ahial sense and a left ventricular sense designated as AVl, and the formula 

10 for setting the AVD is: 

AVD = ki AVr + k2AVL + ks 
where ki, ka, and ka, are specified coefficients, 

5. The device of claim 3 wherein the right intrinsic atrio-ventricular delay is 
15 measured as the interval between an atrial sense and a right ventricular sense 

designated as AVr, the left intrinsic atrio-ventricular delay is measured as the interval 
between an atrial sense and the start of left ventricular depolarization in an electrogram 
designated as AQ*l> the duration of ventricular depolarization is measured as the 
interval from the start of left ventricular depolarization to the end of left ventricular 
20 depolarization in an electrogram designated as Q*S*, and the formula for setting the 
AVD is: 

AVD = ki AVr + k2 AQ*l + k3Q*S* + k4 
where kj, ka, ka, and k4 are specified coefficients. 

25 
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6. The device of claim 1 wherein the intrinsic atrio-ventricular delay is measured 
as the interval between an atrial sense and a right ventricular sense designated as AVr, 
the duration of ventricular depolarization is measured as the interval from the start of 
left ventricular depolarization to the end of left ventricular depolarization in an 

5 electrogram designated as Q*S*, and the formula for setting the AVD is: 
AVD = ki AVr + k2Q*S* + 
where ki, ki, and k3 are specified coefficients. 

7. The device of claim 1 further comprising an atrial pacmg channel and wherein 
10 the controller is further programmed to pace at least one ventricle within the 

programmable atrio-ventricular delay (AVD) interval after an atrial pace in an AV 
sequential pacing mode. 

8. The device of claim 1 wherein the specified coefficients defining the linear 
15 combination of the measured intrinsic atrio-ventricular delay interval and the measured 

duration of ventricular depolarization have been pre-derived &om a linear regression 
analysis of clinical population data relating measured intrinsic atrio-VOTtricular delay 
intervals and measured durations of ventricular depolarization to an optimum AVD for 
delivering cardiac resynchronization therapy as determined by measiurement of a 
20 cardiac function parameter. 

9. The device of claim 1 wherein the controller is programmed to select different 
sets of specified coefficients defining the linear combination of the measured intrinsic 
atrio-ventricular delay int^al and the measured duration of ventricular depolarization 

25 used to set the AVD in accordance with whether the controller is programmed to 
deliver pacing pulses in a left-ventricular, biventricular, or right-ventricular pacing 
mode. 
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10. The device of claim 9 wherein the controller is programmed to select different 
sets of specified coefficients defining the linear combination of the measured uitrinsic 
atrio-ventricular delay intervals and the measured duration of ventricular 
depolarization used to set the AVD in accordance with the location of a left ventricular 

5 lead used to deliver pacing pulses by the left ventricular pacing channel. 

11. The device of claim 10 wherein the controller is programmed to measure the 
interval firom the start of left ventricular depolarization to a left ventricular sense, 
designated as Q*Vl, and determine the location of the left ventricular lead based upon 

10 the value of Q*Vl. 

12. A method for operating a cardiac rhj^thm management device, comprising: 
generating electrogram signals corresponding to electrical activity in an atrium 

and the right and left ventricles; 
15 pacing at least one ventricle within a programmable atrio-ventricular delay 

(AVD) interval after an atrial sense in an atrial-tracking mode; 

measuring an intrinsic atrio-ventricular delay interval and a duration of 
ventricular depolarization from electrogram signals during an intrinsic beat; and 

setting the AVD interval according to a formula which includes a linear 
20 combination of the measured intrinsic atrio-ventricular delay and the measured 
duration of ventricular depolarization defined by specified coefficients. 

13. The method of claim 12 ftirther comprising taking measurements of the 
intrinsic atrio-ventricular delay interval and duration of ventricular depolarization 

25 during a specified number of intrinsic beats and computing averages of those 
measurements such that the measured intrinsic atrio-ventricular delay and the 
measured duration of ventricular depolarization each represent average values. 
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14. The method of claim 12 further comprising measuring right and left intrinsic 
atrio-ventricular delay intervals and wherein the formula for setting the AVD interval 
includes a linear combination of the measured right and left intrinsic atrio-ventricular 
delays and the measured duration of ventricular depolarization. 

5 

15. The method of claim 14 wherein the right mtrinsic atrio-ventricular delay is 
measured as the interval between an atrial sense and a right ventricular sense 
designated as AVr, the left intrinsic atrio-ventricular delay is measured as the interval 
* between an atrial sense and a left ventricular sense designated as AVl, and the fonnula 

10 for setting the AVD is: 

AVD = k, AVr + kjAVi + h 
where ki, k2, and ka, are specified coefficients, 

16. The method of claim 14 wherein the right intrinsic atrio-ventricular delay is 
15 measured as the interval between an atrial sense and a right ventricular sense 

designated as AVr, the left intrinsic atrio-ventricular delay is measured as the interval 
between an atrial sense and the start of left ventricular depolarization in an electrogram 
designated as AQ*l> the duration of ventricular depolarization is measured as the 
interval from the start of left ventricular depolarization to the end of left ventricular 
20 depolarization in an electrogram designated as Q*S*, and the formula for setting the 
AVD is: 

AVD = ki AVr + k2 AQ*l + k3Q*S* + k4 
where ki, k2, ka, and k4 are specified coefficients. 

25 
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17. The method of claim 12 wherein the intrinsic atrio-ventricular delay is 
measured as the interval between an atrial sense and a right ventricular sense 
designated as AVr, the duration of ventricular depolarization is measured as the 
interval from the start of left ventricular depolarization to the end of left ventricular 
5 depolarization m an electrogram designated as Q*S*, and the formula for setting the 
AVDis: 

AVD = ki AVr + k2Q*S* + h 
where ki, k2, and ka are specified coefficients. 

10 18. The method of claim 12 wherein the specified coefficients defining the linear 
combination of the measured intrinsic atrio-ventricular delay and the measured 
duration of ventricular depolarization have been pre-derived from a linear regression 
analysis of clinical population data relating measured intrinsic atrio-ventricular delay 
intervals and measured durations of ventricular depolarization to an optimum AVD for 

15 delivering cardiac resynchronization therapy as determined by measurement of a 
cardiac function parameter. 

19. The method of claim 12 further comprising selecting different sets of specified 
coefficients defining the linear combination of the measured intrinsic atrio-ventricular 

20 delay and the measured duration of ventricular depolarization used to set the AVD in 
accordance with whether the device is programmed to deliver pacing pulses in a left- 
ventricular, biventricular, or right-ventricular pacing mode. 

20. The method of claim 12 further comprising selecting different sets of specified 
25 coefficients defining the linear combination of the measured intrinsic atrio-ventricular 

delay and the measured duration of ventricular depolarization used to set the AVD in 
accordance with the location of a left ventricular lead used to deliver pacing pulses by 
the left ventricular pacing channel 



23 



wo 2004/069333 



PCT/US2004/002332 



21. The method of claim 12 wherein the intrinsic atrio-ventricular delay is 
measured as the interval between an atrial sense and a right ventricular sense 
designated as AVr, the duration of ventricular depolarization is measured as the 
duration of a QRS complex in a surface EKG, and the formula for setting the AVD is: 

5 AVD = kiAVR + k2QRS + k3 ' 

where ki, k2, and ka are specified coefficients. 

22. A cardiac rhythm management device, comprising: 

an atrial sensing channel for generating electrogram signals corresponding to 
10 electrical activity in an atrium; 

right and left ventricular sensing channels for generating electrogram signals 
corresponding to electrical activity in the riglit and left ventricles, respectively; 

right and left ventricular pacing channels for delivering pacing pulses to the 
right and left ventricles, respectively; 
15 a controller for controlling the output of pacing pulses and interpreting 

electrogram signals, wherein the controller is programmed to pace at least one 
ventricle in a maimer defined by at least one pre-excitation timing parameter; 

wherein the controller is programmed to include instructions to perform: 
measure a plurality of intrinsic conduction parameters during an intrinsic beat 
20 from electrogram signals generated in the sensing channels, including an intrinsic 
atrio-ventricular delay interval in each ventricular sensing channel and a duration of 
ventricular depolarization; 

select between a biventricular, right ventricular-only, or left ventricular-only 
pacing mode based upon the measured intrinsic conduction parameters; 
25 set the value of the pre-excitation timing parameter according to a formula 

w^hich includes a linear combination of the measured intrinsic conduction parameters 
as defined by specified coefficients. 
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23. The device of claim 22 wherein the specified coefficients defining the linear 
combination of the measured intrinsic conduction parameters for setting the value of 
the pre-excitation timing parameter have been pre-detived firom a linear regression 
analysis of clinical population data relating measured intrinsic conduction parameters 

5 to an optimum pre-excitation tuning parameter value for delivering cardiac 
resynchronization therapy as determined by measurement of a cardiac function 
parameter. 

24. The device of claim 22 wherein the controller is programmed to pace at least 
10 one ventricle within a programmable atrio-ventricular delay (AVD) interval after atrial 

sense in an atrial-tracking mode, and wherein the pre-excitation timing parameter is 
the AVD, 

25. The device of claim 22 wherein the controller is programmed to pace at least 
15 one ventricle within a programmable offset interval with respect to a pace or sense in 

the contralateral ventricle, and wherein the pre-excitation timing parameter is the 
offset inten'al. 

26. The device of claim 22 wherein the measured intrinsic conduction parameters 
20 include right and left intrinsic atrio-ventricular delay intervals as measured fi-om 

electrograms generated in the right and left ventricular sensing channels, respectively. 

27. The device of claun 22 wherein the controller is programmed to select between 
a biventricular, right ventricular-only, or left ventricular-only pacing mode based upon 

25 the measured intrinsic conduction parameters and a specified location of a left 
ventricular lead used by the left ventricular sensing and pacing channels. 
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28. The device of claim 27 wherein the plurality of measured intrinsic conduction 
parameters include the interval from the start of left ventricular depolarization to a left 

. ventricular sense, designated as Q*Vl, and wherein the controller is programmed to 
determine a location of a left ventricular lead used by the left ventricular sensing and 
5 pacing channels from the value of Q*Vl. 

29. The device of claim 22 further comprising: 

a plurality of sensing/pacing electrodes for disposition near selected myocardial 

sites; 

10 a plurality of sense amplifiers for amplifying an electrogram signal received 

from a pair of electrodes; 

at least one pulse generator for outputting pacing pulses to a pair of electrodes; 
a switching network operated by the controller for configuring a sensmg 
channel by connecting a selected electrode pair to a selected sense amplifier and for 
15 configuring a pacing channel by connecting a selected electrode pair to a selected 
pulse generator. 

30. The device of claim 27 wherein the plurality of sensing/pacing electrodes 
includes at least two alternative left ventricular electrodes located at different left 

20 ventricular sites, wherein the measured intrinsic conduction parameters include AV 
conduction delays measured from the at least two alternative left ventricular 
electrodes, and wherein the controller is programmed to select between the alternative 
left ventricular electrodes for configuring the left ventricular pacing channel based 
upon the intrinsic AV conduction delays measured from each alternative left 

25 ventricular electrode. 

31. The device of claim 30 wherein the controller is programmed to configure the 
left ventricular pacing channel with whichever of the alternative left ventricular 
electrodes has the longest intrinsic AV conduction delay measured from it- 



26 



wo 2004/069333 



PCT/US2004/002332 



1/7 




O 




wo 2004/069333 



2/7 



PCT/US2004/002332 



A1 



RV MODE? 



YES 




YK^NTERIOR VEI 
lOCATION' 



ANTERIOR VEIt^-^-Ji^ 
LOCATION?. 



A50 



GET 
COEFFICIENTS 
FOR BV-UT 



GET 
COEFICiENTS 
FOR BV-ANT 



I 



' GET 
COEFFICIENTS 
FOR LV-LAT 



I 



GET 
COEFFICIENTS 
FOR LV-ANT 



I 



A5E 



GET 

COEFFICIENTS 
FOR RV 



AVD = K1 AVr + K2 AQ*L + K3 Q»S*l + K4 (MS) 



A8 



AVD = AVr - 30 (MS) 




A6 



AID 



AVD = 300 (MS) 




A12 



AVD = 50 MS 



( DONE ) 



FIG. 2 



wo 2004/069333 



PCT/US2004/002332 



3/7 



B1 



INITIALIZATION 



B2 



DETECT NEXT BEAT 



B4 ^ B3 

tOUNTER^<^ YES ^ 
.LIMIT REACHED>-^ ECTOPIC BEAT?. 

9 



YES 



NO 



85 



CALCULATE; AVl, AVr. AQ*l. Q*Vl. AND Q*S*l 




^B6 

1/1EASURED\N0 
3EATS > 151, 



CALCULATE MEDIAN, MEAN AND STD 



REE FAILURE 




89 



REGISTER MEDIAN VALUE FOR EACH PARAMETER; 
AND = AVl(MEDIAN) - AVr(MEDIAN); 



FIG. 3 



wo 2004/069333 



PCTAJS2004/002332 



4/7 




NO 



C3 

RECALL Q*Vl 



M C2 

d. 

SET LOCATION BASED 
ON MANUAL INPUT 




FIG. 4 



wo 2004/069333 



PCT/US2004/002332 



5/7 



D1 



INITIAU 


ZATION 


^ 


D2 


DETECT NEXT BEAT 



D4 03 

'COUm"ER"<. YES ^ 
.LIMIT REACHED>-^ ECTOPIC BEAT?. 




05 



-cL. 



CALCULATE: AVy AND AV|_2 




^06 

'MEASURED\.NO 
BEATS > 5?. 



CALCULATE MEDIAN. MEAN AND STD 



NO 



REE FAILURE 




09 



A li-l2 = AVli (MEDIAN) -, AVl2 (MEDIAN) 



FIG. 5 



wo 2004/069333 



6/7 



FCT/US2004/002332 




RECALL Ali_i_2 




FIG. 6 



wo 2004/069333 



PCT/US2004/002332 




FIG. 7 



PAGE BLANK (uspto) 



